The large-scale CMB B-mode polarization is the direct probe to the low frequency primordial gravitational wave signal. However, unambiguous measurement of this signal requires a precise understanding of the possible contamination. One such potential contamination arises from the patchiness in the spatial distribution of free electrons during the epoch of reionization. We estimate the B-mode power spectrum due to patchy reionization using a combination of photon-conserving semi-numerical simulation and analytical calculation, and compare its amplitude with the primordial B-mode signal. For a reionization history which is in agreement with several latest observations, we find that a stronger secondary B-mode polarization signal is produced when the reionization is driven by the sources in massive halos and its amplitude can be comparable to the recombination bump for tensor to scalar ratio (r) 5 × 10 −4 . If contamination from patchy reionization is neglected in the analysis of B-mode polarization data, then for the models of reionization considered in this analysis, we find a maximum bias of about 30% in the value of r = 10 −3 when spatial modes between ∈ [50, 200] are used with a delensing efficiency of 50%. The inferred bias from patchy reionization is not a severe issue for the upcoming ground-based CMB experiment Simons Observatory, but can be a potential source of confusion for proposed CMB experiments which target to detect the value of r < 10 −3 . However, this obstacle can be removed by utilizing the difference in the shape of the power spectrum from the primordial signal.
INTRODUCTION
The reionization of cosmic hydrogen is believed to have begun at a redshift z ∼ 15 − 20 when the first stars formed. Due to the very large photoionization cross section at energy 13.6 eV, the ultraviolet photons are absorbed by gas in the immediate vicinity of the sources, forming "bubbles" of ionized hydrogen. This leads to large spatial fluctuations in the ionized fraction, and reionization is said to be "patchy". The bubbles grow and eventually merge, resulting in a uniformly reionized universe at z 6 (Barkana & Loeb 2001  mukherje@iap.fr † sourabh.paul@gmail.com ‡ tirth@ncra.tifr.res.in Furlanetto et al. 2004; Wyithe & Loeb 2003; Dayal & Ferrara 2018) . Intriguing details of the Epoch of Reionization (EoR) have been gleaned by a host of cosmological observables in recent past. In particular, the 'reionization bump' in the Cosmic Microwave Background (CMB) anisotropy measurements of small l polarization constraints the mean value of reionization optical depth τ which results from the Thompson scattering of CMB photons through interaction with free electrons emanated from reionization. The latest result by the Planck satellite (Planck Collaboration et al. 2018 ) reports a total optical depth to recombination to be τ = 0.054 ± 0.007
1 . However, due to the patchiness in the 2 Mukherjee, Paul & Choudhury process of reionization, secondary anisotropies gets generated in the CMB temperature and polarization at all angular scales (Hu 2000; Santos et al. 2003; Zahn et al. 2005; McQuinn et al. 2006; Mortonson & Hu 2007; Doré et al. 2007; Dvorkin & Smith 2009; Dvorkin et al. 2009a; Su et al. 2011) . Future CMB missions aim to make exquisite measurement of secondary CMB anisotropies due to various physical effects such as gravitational lensing (Seljak 1996; Lewis & Challinor 2006; Hu 2001; Hu & Okamoto 2002) , integrated Sachs-Wolfe (Sachs & Wolfe 1967) , thermal Sunyaev -Zeldovich (tSZ) effect (Sunyaev & Zeldovich 1970) , kinetic Sunyaev -Zeldovich effect (kSZ) (Sunyaev & Zeldovich 1980b; Sunyaev & Zeldovich 1980a; Nozawa et al. 1998 ) and patchy reionization (Dvorkin & Smith 2009; Dvorkin et al. 2009a; Su et al. 2011; Battaglia et al. 2013a,b; Natarajan et al. 2013; Park et al. 2013; Alvarez 2016; Namikawa 2018; Roy et al. 2018) . A possible source of secondary anisotropy is the B-mode polarization arising from the patchy electron distribution during reionization. This can potentially contaminate the recombination bump of the B-mode polarization leading to a bias in the inferred value of r. Hence an accurate and reliable computation of the signal arising from reionization is crucial for the upcoming experiments that aim to detect the primordial B-modes (Matsumura et al. 2013; Aguirre et al. 2018; Abazajian et al. 2016; Young et al. 2018) . As per the current understanding, reionization is an inhomogeneous and complex process (Mesinger & Furlanetto 2007; Zahn et al. 2007; Choudhury et al. 2009; Mitra et al. 2018 ) which depends on various astrophysical processes related to early galaxy formation.
This work aims to study the contamination from patchy reionization on the inferred value of tensor to scalar ratio (r) and tensor spectral index (nt). We estimate the signal of patchy reionization by calculating the inhomogeneous electron density using a combination of photon-conserving semi-numerical simulations (Choudhury & Paranjape 2018) and analytical calculations. By using the power spectrum of the electron density from the semi-numerical and analytical method, we estimate the CMB B-mode polarization power spectrum due to patchy reionization for different reionization scenarios. We then estimate the implication of the patchy reionization on the value of r, which are accessible from the upcoming and proposed CMB experiments such as LiteBIRD (Matsumura et al. 2013) , Simons Observatory (SO) (Aguirre et al. 2018) , CMB Stage-4 (CMB-S4) (Abazajian et al. 2016) , CMB-Bharat 2 and Probe of Inflation and Cosmic Origins (PICO) (Young et al. 2018; Hanany et al. 2019) . Our analysis indicates that in order to make an unambiguous detection of r 10 −3 , we need to remove the patchy reionization signal (de-tau) along with the lensing (de-lensing) for proposed CMB experiments such as CMB-S4, CMB-Bharat and PICO.
In section 2, we discuss the effect of patchy reionization on CMB B-modes. In section 3, we estimate the electron density power spectrum using analytical and photon conserving semi-numerical method. The estimation of the B-mode polarization signal due to patchy reionization and its effect on 2 Space-based CMB mission proposed by India to Indian Space Research Organization (ISRO) (http://cmb-bharat.in/). r and nt are discussed in section 4 and section 5 respectively. Finally we conclude the main findings of this analysis and future directions in section 6. Throughout this work, we use the usual flat ΛCDM cosmology with parameters given by Ωm = 0.308, Ω b = 0.0482, h = 0.678, ns = 0.961, and σ8 = 0.829 (Planck Collaboration et al. 2014) which are consistent with (Planck Collaboration et al. 2018 ).
FORMALISM OF LARGE ANGULAR SCALE CMB B-MODE POLARIZATION FROM PATCHY REIONIZATION
CMB polarization can be expressed by the Stokes parameters Q and U , which behaves like a spin-2 field on the sphere and under rotation by angle φ transforms as (Zaldarriaga & Seljak 1997; Kamionkowski et al. 1997 )
They can be decomposed into the rotation invariant E-mode and B-mode polarization field as (Zaldarriaga & Seljak 1997; Kamionkowski et al. 1997 )
where ∂R and ∂L are the spin raising and lowering differential operators respectively (Zaldarriaga & Seljak 1997; Kamionkowski et al. 1997 ). Using Eq. 2, we can write the E and B polarization field in the spherical harmonic basis as
where ±2a
The primordial E-mode gets generated by both scalar and tensor perturbations, whereas the primordial B-mode gets generated only by tensor perturbations. The secondary anisotropies give rise to both E-mode and B-mode polarization and can act as a potential source of contamination to measure the primary CMB polarization signal. A possible source of secondary anisotropy to the polarization field arises during the epoch of reionization due to spatial inhomogeneities in the distribution of free electrons (Hu 2000; Santos et al. 2003; Zahn et al. 2005; McQuinn et al. 2006; Mortonson & Hu 2007; Dvorkin & Smith 2009; Dvorkin et al. 2009a; Su et al. 2011) . Spatial inhomogeneities during the epoch of reionization, can generate secondary polarization due to two processes (i) Scattering: Thompson scattering of the CMB quadrupole by the free electrons during the epoch reionization (Hu 2000; Liu et al. 2002; Mortonson & Hu 2007; Doré et al. 2007; Dvorkin & Smith 2009) 
The primary E-mode polarization gets converted into B-mode polarization due to anisotropic optical depth (Dvorkin et al. 2009a) . The first effect is important at large angular scales, while the screening effect becomes dominant at small angular scales (Dvorkin et al. 2009a) . In this paper, we focus on the contamination to the primordial B-modes at large angular scales due to the effect from scattering.
The angular variation in the free electron distribution at a comoving distance χ can be written as a sum of the global mean and the fluctuating component
where xe ≡ ne/nH is the free electron fraction with respect to the hydrogen. This leads to a direction dependence in the photon optical depth τ (n, χ), which can be written as
wherenH is the mean comoving density of hydrogen and σT is the Thomson scattering cross-section. Photons passing through the patchy electron density field pick up additional polarization fluctuations which can be written as (Hu & White 1997; Hu 2000 )
where S pol (n, χ) is the source term for the polarization, which is related to the local temperature quadrupole as
The corresponding B-mode polarization power spectrum from the scattering effect can be written as
where, we have written the power spectrum of the spatial fluctuation of the electron density as
is the local quadrupole temperature variance, which we assumed to be constant at a value of 22 µK over the redshift range of reionization (Dvorkin & Smith 2009 ) and j l (kχ) are the spherical Bessel functions. The above expression of the B-mode power spectrum is valid at all angular scales under the approximation of constant source (or slowly varying source Hu (2000)). Apart from this scattering effect, the screening effect (which is not important at these angular scales (Dvorkin et al. 2009b) ) arises when the direction dependence of τ is included in the exponential. In order to speed up the numerical calculation, we incorporate Limber approximation (Limber 1953; LoVerde & Afshordi 2008) to the above expression resulting into the following form of the B-mode power spectrum, valid at large angular scales l 30
3 The quadrupole anisotropy of temperature (
Q RM S is used in this analysis (Hu 2000) . The above expressions given in Eq. 8 and 9 indicate that the power spectrum of the B-mode signal depends on the power spectrum of the electron distribution, which is not a well known quantity due to several astrophysical uncertainties during reionization.
THE ELECTRON DENSITY POWER SPECTRUM
In this section, we describe the theoretical model used to estimate the power spectrum Pee(k) of ∆xe. The fluctuations in the electron density is driven by the ionized bubbles produced during the epoch of hydrogen reionization. We can write the free electron density at a redshift z and spatial position x in terms of the comoving density nHII of ionized hydrogen (HII) as
where χHe = 1.08 accounts for excess free electrons because of the presence of singly-ionized helium, xHII is the ionized fraction of hydrogen, and ∆H is the overdensity of hydrogen. At large scales, we assume the hydrogen density fluctuations to trace the underlying dark matter field ∆H = 1 + δ dm , where δ dm is the dark matter density contrast. The globally averaged value of the electron density isne(z) = χHenH QHII(z), where QHII(z) ≡ xHII(x, z) ∆H (x, z) is the mass-averaged ionized fraction. The electron fraction is thus given by
which is used for calculating the power spectrum Pee(k, z).
In this work, we simulate the large-scale dark matter density field using the publicly available N -body code GADGET-2 (Springel 2005) , with initial conditions gener-ated using N-GENIC 4 . The simulation was performed on a large 512h −1 Mpc size cubical box containing 256 3 collisionless dark matter particles.
Since the simulation is not of high resolution, we cannot use the direct group-finder algorithms to identify the collapsed haloes responsible for producing the ionizing photons. We rather employ a method based on the conditional mass function obtained from the ellipsoidal collapse as outlined in (Seehars et al. 2016; Choudhury & Paranjape 2018) . The net result of this exercise is that, for every grid cell in the simulation box, we have the values of the density fluctuations ∆H and the fraction f coll (> Mmin) of mass in collapsed objects of mass > Mmin.
Given the density and collapse fraction fields along with the value of the ionizing efficiency ζ (which, in principle, can be a function of z), one can generate the ionization field xHII efficiently using semi-numerical techniques. The conventional excursion-set models have been extremely useful in such cases (Mesinger & Furlanetto 2007; Mesinger et al. 2011; Zahn et al. 2007; Santos et al. 2008; Geil & Wyithe 2008; Choudhury et al. 2009 ). However, they have been known to have two crucial shortcomings, namely, (i) they violate photon-conservation in the sense that the number of hydrogen atoms ionized (accounting for recombinations) is not equal to the number of photons produced by the sources and (ii) more importantly, the power spectrum of the ionized field at large scales does not converge to the same value for different grid resolutions. The second shortcoming can have severe implications for using these models while comparing with observations.
Hence in this work we rather employ a different algorithm based on (Choudhury & Paranjape 2018) , where the ionization field is generated using an explicitly photonconserving algorithm. This algorithm is found to be reasonably efficient and produces a large-scale ionization field that is independent of the resolution.
We fix the reionization history for different values of Mmin as described below. We will use this parameter to label different reionization models in this analysis.
• As the first step, we choose Mmin = 10 8 M , appropriate for atomically cooled gas in haloes, and assume ζ to be z-independent. We fix the value of ζ in a way that the resulting reionization history is consistent with the τ -constraints given by (Planck Collaboration et al. 2018) . The resulting ionization history, which gives τ = 0.055, is shown in Figure 1 . In the figure, we also show various direct and indirect measurements of QHII. It is clear from the figure that our reionization history is consistent with all available constraints. This evolution of QHII is also consistent with the calculations of (Kulkarni et al. 2018 ) which explain the large-scale fluctuations observed in the quasar absorption spectra at z ∼ 5.5.
• We also consider higher values of Mmin, namely 10 9 , 10 10 and 10 11 M . The case Mmin = 10 9 M corresponds to the case where star-formation in low-mass haloes is suppressed by radiative feedback. The extreme case of Mmin = 10 11 M corresponds to ionizing photons sourced by extremely rare haloes with circular velocities ∼ 250 km s −1 .
4 https://wwwmpa.mpa-garching.mpg.de/gadget/n-genic.tar.
gz
Such a scenario will be consistent with reionization driven by AGNs (Kulkarni et al. 2017) . Though such models are in tension with various low-redshift data (Mitra et al. 2018), we nevertheless consider them in this work as extreme limiting cases.
• For each value of Mmin, we choose ζ at each redshift so that QHII is consistent with the reionization history in Figure 1 . Since haloes of larger mass are relatively rarer at higher redshifts, we require a ζ that decreases with decreasing redshift.
Using the above algorithm, we can calculate Pee(k, z) from the simulation box for k 0.01 h Mpc −1 . For our redshifts of interest, this allows us to estimate C BB l at angular multipoles l ∼ kχ 80.
For studying the signal at large angular scales, we thus need to use some other method. It can be shown that the ionization fluctuations at scales larger than the bubble sizes are determined by the fluctuations in the density field of the haloes which produce the ionizing photons. In fact, it is straightforward to show that the power spectrum of electron density field at large scales is (12) where we have defined R(k, z) ≡ χHeQHII(z)b h (k, Mmin, z) for QHII < 1, with b h (k, Mmin, z) being the mass-weighted halo bias for haloes more massive than Mmin. At large scales, the dark matter power spectrum is given by the linear theory with D(z) being the linear growth factor. This equation remains valid at scales larger than the largest bubbles and hence this approximation will violate towards the end of reionization. However, towards the end of reionization, electron density will become homogeneous and the amount of patchy reionization signal arising will also be less. So, we do not expect to miss any significant signal of patchy reionization by making this assumption. We compute the value of R(k, z) from the simulation box at the largest available scales. Note that this prescription works well only when the scales probed are larger than the bubble sizes, hence the relation becomes less and less accurate towards late stages of reionization when the bubbles become comparable to the simulation box. At the same stage of reionization, the above relation is least accurate for large Mmin, and hence our results are less robust at large scales for the Mmin = 10 11 M case.
We show the dimensionless electron power spectrum ∆ Figure 2 . The power spectra clearly show a peak at scales corresponding to the typical bubble sizes. It is clear from the figure that the bubble sizes grow as reionization progresses (i.e., with decreasing redshift), and are also larger for larger Mmin.
ESTIMATION OF THE B-MODE POWER SPECTRUM FROM PATCHY REIONIZATION
Using the estimate of the electron density power spectrum given in section 3, we depict the estimated B-mode power spectrum from patchy reionization in Figure 3 . By using the analytical estimate of the electron density power spectrum, we obtain the power spectrum of the B-mode polarization signal at large angular scales (l < 80) which are shown by Figure 2 . We plot the dimensionless electron power spectrum ∆ 2 ee (k) ≡ k 3 P ∆xe∆xe /(2π 2 ) for two different redshifts (z = 7 and z = 10) and minimum halo masses (10 8 M and 10 11 M ) from the photon-conserving simulation of reionization which are used in this analysis. For comparison, we also plot the dimensionless dark matter linear power spectrum for the same values of the redshift.
the dotted-lines. For l < 32, the analytical estimates are obtained by using the integral given in Eq. 8, whereas for l > 32, we used Limber approximation to estimate the Bmode signal (given in Eq. 9). For l 80, we estimate the signal from simulations with Limber approximation and the results are shown by the dashed-lines. For comparison, we also plot the primordial gravitational waves signal for tensor to scalar ratio r = 5×10 −4 and the B-mode power spectrum due to weak lensing with 50% delensing (A lens = 0.5) in black and cyan solid line respectively using CAMB (Lewis et al. 2000; Howlett et al. 2012) .
Our estimates show that at the angular scales corresponding to the recombination bump, the secondary B-mode polarization from patchy reionization can be another source of contamination to the primordial gravitational waves signal (r ∼ 5 × 10 −4 ) along with other contamination such as weak lensing and astrophysical foregrounds. The amplitude of the signal depends strongly on the mass of the halos Mmin which drive reionization. The amplitude from patchy reionization can vary with Mmin by order of magnitude even when the ionization fraction is fixed (shown in Figure 1 ) and obeys the recent observational constraints (Bouwens et al. 2015; Planck Collaboration et al. 2018 ). The signal from patchy reionization is stronger when the reionization is driven by massive halos which create bigger bubbles during the epoch of reionization. Our conclusion also agrees with the previous estimates of the patchy-reionization B-mode polarization signal by (Mortonson & Hu 2007) . Using an analytical model (log-normal distribution) of ionized bubble radius, it was shown that the reionization driven by bigger bubbles produces stronger B-mode signal than for the case with smaller bubbles.
CONTAMINATION TO TENSOR TO SCALAR RATIO AND TENSOR SPECTRAL INDEX DUE TO PATCHY REIONIZATION
The B-mode signal from patchy reionization will lead to a bias in the mean value of the inferred tensor to scalar ratio (r) and the spectral index of the tensor perturbations (nt). In order to quantify the bias in the values of r and nt, we make a Maximum Likelihood (ML) estimation of r and nt using the form of the log-likelihood (L)
where,C BB l and C
BB l
are the mock data power spectrum and model power spectrum respectively. The mock data power spectrum can be written as . A lens indicates the residual lensing amplitude after delensing the lensing signal. In our analysis, we have taken A lens = 0.5 which is possible to achieve using several delensing algorithms (Simard et al. 2015; Sherwin & Schmittfull 2015; Carron et al. 2017; Yu et al. 2017; Manzotti et al. 2017; Millea et al. 2017) . Aτ denotes the normalization chosen to include or exclude the patchy reionization signal.
In Eq. 13, C BB l denotes the model (or the theoretical) power spectrum of B-mode signal estimated using CAMB (Lewis et al. 2000; Howlett et al. 2012) , with an assumed delensing efficiency A lens = 0.5. In order to show the effect of patchy reionization on the inferred value of r and nt, we have not considered patchy reionization in the model power spectrum C BB l . Σ ll is the covariance matrix of the B-mode power spectrum which can be written as
where N l is the power spectrum of the instrument noise. In this analysis we have used the instrument noise of Simons Observatory (SO) (Aguirre et al. 2018 ) and CMB-S4 (Abazajian et al. 2016) 5 for the frequency channel 90 GHz and 150 GHz respectively. For SO, we have used the goal polarization noise 6 (for the Small Aperture Telescopes (SATs) with sky-fraction f sky = 0.1) as 2.7µKCMB−arcmin with Full Width Half Maximum (FWHM) of the beam as 30-arcmin. For CMB-S4 we have used polarization noise as 2.5µKCMB−arcmin with FWHM of the beam as 1.6-arcmin and sky-fraction f sky = 0.7. We have ignored the additional noise due to foreground contamination in this analysis and have assumed that the foreground contamination can be cleaned using the remaining five frequency channels of SO and four frequency channels of CMB-S4. The ground-based experiments will not have access to the large angular scales or the low multipoles (l) values, unlike the space-based missions. As a result, we have included an additional parameter 5 The exact instrument noise for CMB-S4 are yet to be finalized.
6
√ 2 times the noise in intensity. The posterior probability distribution after marginalizing over Aτ , centered on the assumed fiducial value. For both SO and CMB-S4, assuming M min = 10 10 M . For comparison, the distributions in the absence of patchy reionization are also shown.
lmin which sets the minimum value of CMB multipole which can be considered in the measurement. We choose CMB multipoles up to lmax = 200 for three different lmin cutoffs to obtain the bias in the values of r and nt.
Effect on r : The difference between the ML estimated value for r when neglecting Aτ in the analysis and the fiducial injected value of r = 10 −3 is shown in Figure 4a for different choices of lmin and minimum halo mass Mmin parameters. The bias ∆r in the measurement of r = 10 −3 is about 30% for Mmin = 10 11 M and decreases as we go to smaller values of Mmin. Our results are robust to the transition (discontinuity) from the analytical to simulation results. We have validated the robustness of our results by using only the analytical model for the complete l range. For the values of l 100 we find perfect agreement between the results obtained from analytical and analytical-simulation hybrid model. For the values of l in the range [100, 200] , analytical model mildly overestimates the fluctuations than the simulation, resulting into ∼ 10% increment in the bias ∆r in comparison to the simulation case. The bias gets stronger for the higher value of lmin. This happens because the contribution from patchy reionization affects more strongly the recombination bump than the reionization bump. As a result, experiments which cannot measure reionization bump at low l and relies only on the recombination bump to measure the value of r, gets more affected by patchy reionization. So, space-based CMB missions are less susceptible to the effects from patchy reionization than the ground-based CMB experiments. For different values of lmin, we explore the range of l which drives the contribution in ∆r. For both ground-based and space-based CMB experiments, about 85% contribution of its ∆r comes from the l range [50, 90] and [5, 90] respectively. The remaining 15% of ∆r arises from the values of l > 90.
So, in order to make a robust measurement of the value of r, we need to remove the patchy reionization signal (detau) from the primordial gravitational waves and develop an optimal estimator which can infer the signal of both primordial gravitational waves and patchy reionization jointly from the CMB data. This is possible to construct as the shape of the B-mode power spectrum is different for patchy reionization and primordial gravitational waves (as shown in Figure 3) . The shape of the B-mode power spectrum from primordial gravitational waves is expected to be robust within the standard ΛCDM model of cosmology. But the B-mode power spectrum from patchy reionization is susceptible to vary due to several astrophysical uncertainties. From the semi-numerical and analytical methods considered in this analysis, we find that the shape of the B-mode power spectrum for different reionization scenarios mainly differs in the amplitude, but the shape of the power spectrum remains roughly constant over the range l ∼ 2 − 200. We expect this to hold if the typical ionized bubbles are smaller than the angular scales (corresponding to these l range) and these bubbles follow the linear dark matter distributions. However, this assumption gets violated towards the end of reionization, and analyses from larger simulation box-size are required to capture the shape of the B-mode power spectrum more accurately.
Along with the bias in the mean value of r, the effect from patchy reionization will also increase the errorbar on r denoted by σ(r). We obtain a Cramer-Rao bound σ(r) (
rr on the value of r after marginalizing the Fisher matrix F over the patchy reionization amplitude Aτ at a fiducial value of patchy reionization corresponding to Mmin = 10 10 M , where the Fisher matrix F can be written as (Tegmark et al. 1997 )
In our estimate, we have taken two parameters (pi ∈ (r and Aτ ) with a fixed value of nt = 0 and lmin = 50 and lmax = 200. The comparison of the Gaussian probability distribution function for the cases with (Aτ = 1) and without (Aτ = 0) patchy reionization for a fiducial value of r = 10
are shown in Figure 4b for SO and CMB-S4. Effect on nt: Tensor spectral index nt gets biased to- Figure 5 . The ratio of the bias ∆r =r − rtrue with respect to the σ(r) for different CMB experiments due to two patchy reionization scenarios, assuming rtrue = 10 −3 . We have taken σ(r) = 10 −3 (for LiteBIRD) and σ(r) = 10 −4 (for CMB-Bharat and PICO) with l min = 2. For the ground-based CMB experiments such as SO and CMB-S4, we have taken the same noise as mentioned in Sec. 5 with l min = 50.
wards a positive value resulting in a blue spectrum when patchy reionization is not considered in the theoretical modelling. The bias in the value of nt is nearly independent of the value of Mmin and gives roughly a constant shift in the inferred valuent = 0.04 for all the scenarios considered in this analysis. So, even though several inflationary theories predict nt = −r/8, patchy reionization can lead to a blue spectrum of the tensor perturbations. Hence, it is essential to understand the signature of patchy reionization very accurately in order to make an unbiased estimate of nt. However, the error-bar on nt from upcoming CMB ground-based missions such as SO and CMB-S4 are larger than the typical value of nt due to patchy reionization (for the models considered in this analysis) and as a result, this effect cannot be measured from SO and CMB-S4.
CONCLUSION
In this paper, we explore the contamination to primordial gravitational wave signal due to secondary CMB anisotropies sourced by patchy reionization. Our study based on an explicitly photon-conserving semi-numerical simulation of the epoch of reionization (Choudhury & Paranjape 2018) indicates that different history of reionization can generate B-mode power spectrum with amplitudes varying by an order of magnitude. If reionization is driven by larger halo masses, then the RMS fluctuations in the patchy reionization signal are larger and hence causes a large B-mode power spectrum. This in turn can cause a large bias in the inferred value of the tensor to scalar ratio (r) if the contamination from the patchy reionization is unknown and not considered in the analysis. From the simulations considered in this analysis (which agree with several observational constraints on the reionization history), we find that in models with r = 10 −3 , one can get a maximum bias of about 30% in the value of r if l < 50 are not accessible from the ground-based CMB experiments. If the low l values are accessible from space-based missions, then the bias can be reduced to 25% for the halo mass of Mmin = 10 11 M . For the lowest halo mass Mmin = 10 8 M considered in this analysis, we find the bias in the value of r to be about 10%. We show the variation of the bias with Mmin in Fig. 4a for different choices of lmin. The bias in the value of r found from our simulations are less than 0.5-σ for the CMB missions such as Simons Observatory (Aguirre et al. 2018) and LiteBIRD (Matsumura et al. 2013 ) and hence are not going to contaminate the value of primordial gravitational wave signal severely. However, for the proposed CMB experiments with σ(r) 5 × 10 −4 such as CMB-S4 (Abazajian et al. 2016) , CMB-Bharat 7 and PICO (Young et al. 2018; Hanany et al. 2019) , the bias in the value of r can be greater than 1-σ as shown in Figure 5 . The amount of bias varies with the model of reionization and may be difficult to estimate this bias robustly from CMB polarization data alone.
However, there are other cosmological observables such as HeII reionization, intergalactic Medium (IGM) temperature from the Lyman-α forest and 21 cm power spectrum which can make independent measurements of the reionization history. Scenarios of reionization driven by AGN will reionize HeII at higher redshifts and hence would lead to a very different thermal history at z ∼ 3 as compared to the conventional reionization models. As a result, the models of reionization driven by 10 11 M can be constrained from HeII reionization (Becker et al. 2011 ) and a recent study has already imposed constraints on such scenarios (Mitra et al. 2018 ). The power spectrum of the 21 cm signal fluctuations is also expected to be larger for AGN driven reionization models (Kulkarni et al. 2017 ) and as a result, this scenario can also be constrained from future 21 cm data. So by jointly using the data of HeII reionization and 21 cm power spectrum, we can obtain an upper limit on the strength of patchy reionization signal in CMB B-mode polarization. Patchy reionization also generates kinetic SunyaevZeldovich (kSZ) signal and we will explore the feasibility of measuring the imprints of patchy reionization by jointly using both kSZ as well as B-mode polarization signal in future work.
